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PREFACE, xiii 


Collected Papers, has been translated at his suggestion. It con- 
tains a full description of the methods by which the difficulties 
of the investigation were in the first instance overcome, and 
the reader will find it to be an indispensable introduction to the 
other two Memoirs on Torpedo, which contain his more recent 
observations. As each of the three memoirs is complete in itself, 
and is preceded by a summary of the subjects discussed in each 
paragraph, no introduction is needed. It may not, however, be 
out of place to draw attention to the very remarkable discoveries 
recorded in the concluding paper relating to the fact of ‘ irre- 
ciprocal conduction, which the author has proved to exist in a 
remarkable degree in the columns of the electrical organs of 
Torpedo. 

The Editor regrets that the publication of the volume has 
been unduly delayed, in consequence of the unexpected diffi- 
culties experienced by the translators in their work. The 
subject is so new to English scientific literature, that much 
time is unavoidably lost in deciding between the two alterna- 
tives, of using Germanised phraseology and of coining English 
equivalents for the forms of expression used hy German writers. 
In general, the latter alternative has been preferred, but not 
without a heavy sense of responsibility. Whether successfully 
or not, great pains have been taken to select such equivalents 
as appear most accurately to express the meaning of the original, 
and the translators have, as a rule, consented to employ the same 
equivalents for the same words. 
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CORRIGENDA. 


6, note 2, for fortschritte read Fortchritte. 

Tr note 4, for nouvelles read nouvelle. 

23, § 2, for irritability read excitability. 

56, line 4 from top, for Marcy read Marey. 

56, Exp. II, heading, for. . . . read the break-contraction. 
57, Exp. IIT, heading, for . . .. read the break-contraction. 
57, Exp. IV, heading, for . . . . read the break-contraction. 
94, line 13 from bottom, for break read make. 

123, line 18, for Thermopyle read Thermopile. 

166, line 15, for through read in, 

168, line 19, for polaritation-current read effects. 

187, line 13 from bottom, for would read should. 

203, line 19 from bottom, for Sect. 2 read p. 163. 

204, line 13 from bottom, for that read of. 

204, line 11 from bottom, for Sect. 9 read Sect. 10. 

249, line 4, for Sect. 9 read Sect. 8. 

277, note 1, for p. 404 read p. 343. 

280, line 2 from bottom, for Sect, 1 read Sect. 21. 

297, line 11, for or read in the. 

343, note, for No. V read No. VI. 

471, line 3, for positive read negative. 

490, line 6 from bottom, for No. V read No. VI. 

504, note, for p, 224 read p. 457. 
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RESEARCHES 


RELATING TO THE 


“LAW OF CONTRACTION.” 
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CHANGES OF EXCITABILITY 


PRODUCED IN 


NERVES BY A CONSTANT CURRENT. 
By Dz, ROBERT TIGERSTEDT. 


Communicated to the Swedish Royal Academy of Sciences, April 12, 1882. 
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16 CHANGES OF EXCITABILITY IN NERVES 


5. The change in site of the indifference-point with increasing 
atrength of an ascending current. 

6. The changes of excitability at the negative pole of a descending 
current—extrapolar. 

7. The changes of encitability at the positive pole of a descending 
current—extrapolar. 

8. The changes of excitability at the negative pole of a descend- 
ing current—intrapolar. 

9. The changes of excitability at the positive pole of a descending 
current—intrapolar. 

10. The change in site of the indifference-point with increasing 
strength of a descending current. 


The experimental arrangements were as follows (see Fig. 1). 





From the battery (B,) the current passes to the electro-magnet 
(Z), which elevates the lever of my new mechanical stimulation- 
apparatus, which I employed in these experiments! (see Fig. 2). 
This current then passes to a Pohl’s reverser without the cross wires. 
If the arms of the reverser dip into the mercury cups 1, the current 
passes directly to the electro-magnet, and the lever is held sus- 

1 Of, Tigerstedt, ‘En ny metod fir mekaniak retning af nerver’ Nordiskt, Medi- 
cinskt Arkiv, xiii, 1881, Nr. 12. A description of this method will shortly appear in 
the Zeitechrift fiir Instramentenkunde. 

























































































46 CHANGES OF EXCITABILITY IN NERVES. 


completely to arrest the action of the stimulus when exercised in 
the region of the positive pole. 

Hermann’s theory, therefore, cannot explain all the phenomena 
which attend the changes produced by a constant current in the 
magnitude of the muscular contractions. They may, however, be 
explained by Pfliiger’s theoretical view in accordance with which 
the cause of the changes in size of the muscular contractions is 
to be sought in the local changes of excitability produced by the 
current in the nerve. Until new facts are discovered which neces- 
sitate a modification of this view, it may be accepted. 

No such fact has presented itself in the foregoing investiga- 
tion, 


IL 
CONTRIBUTION TO THE THEORY OF 
THE BREAK-CONTRACTION. 
Br Dz. ROBERT TIGERSTEDT. 


Communicated to the Swedish Royal Academy of Sciences, September 13, 1882, 
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7? = the intervals during which the current remained open; C= 


the size of the break-contraction. 


The muscle traced its contractions by means of a spring lever on 
the cylinder of Marcy’s registering apparatus, which moved with 
the greatest regularity. They were magnified about 3°5 times. The 


electrodes used were, of course, unpolarisable, 


Experiment I—2 Meidingers, 500 rheochord-unite in the deri- 


vation circuit; current ascending. 
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Experiment IV.—2 Meidingers, rheochord 1000; ascending current, 
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Experiment V.—2 Meidingers, rheochord 1970; ascending 
current. 
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We have thus seen that, as regards the fundamental phenomena, 
there is a complete parallel between polarisation and the break- 
contraction. But characteristics of secondary importance also show 
remarkable agreement. 

Biedermann! found that when nerves are treated with an alcoholic 
solution of common salt, not only was the break-contraction stronger, 
but also that it made its appearance with a strength of current 
which before was quite inadequate to produce it. I also have found 
that, when the nerve is treated with an alcoholic solution of common 
salt, its susceptibility to polarisation is increased by half, as the 
following experiments show. They were conducted after pre- 
cisely the same method as my earlier experiments on internal polari- 
sation. I used a 0°6°/, solution of common salt mixed with 10°/, of 
alcohol, and took the greatest care that the contact should be the 
same both before and after the treatment with alcohol. 


+ Biedermann, loc. cit, p. 321. The retardation of the break-contraction discovered 
by Biedermann at the same time does not for the present concern us. 
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Experiment VI.—3 Meidingers, rheochord 1000; duration of 
closure 5”; distance between the electrodes 8™™, 
1. Before application of the aleohol :— 


No. Defection. 
1 wee oe on at wed 28 





2-95 
3 
2-95 
3 


Mon. 294 





2 
8 
4 
5 





Mean variation 0-064. 


2. After application of the alcohol for 1 minute :— 





No. Deflection. 
6 we BS 
7 +4 
8 4°35 
9 eH ae oe 
MOE ep ath SET gt ater ae 
Mean 94 


Mean variation 0-192. 


Experiment VII—3 Meidingers, rheochord 1000; duration of 
closure 5”; distance between the electrodes 207. 


1. Before application of the alcohol :— 


No. 
1 


2 
3 
4 
5 





Mean variation 0-08, 


2. After application of the alcohol for 1 minute :— 





No. Defection. 
6 Ge. ee. we ay wae 2S 
2” cadre “Sahre Bee aig eee BAD 
8 faq He Daa He BO 
9 oe + ws oo oo 47 
LO Sp Re" te Jaks dN gS 
Moan. 488 


‘Mean variation 0-094. 
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both make- and break-contractions failed to appear even when the 
slider stood at 1000™™ from the zero point}. 

If the break-contraction is determined by a polarisation of the 
nerve, then, ceteris paribus, the susceptibility of the plexus to 
polarisation must be greater than that of the lower tracts of the 
nerve. 

And this is actually the case. In experiments on this question 
the two sciatics of one and the same frog were fastened together, 
and different tracts of the nerve submitted to the polarising current. 
As the same electrodes and the same parts of them were used in all 
the experiments, and as at the same time the distance between 
them was constant, it is clear that the differences in the extent 
of the deflections, which were produced when different parts of the 
nerve were experimented on, are entirely dependent on local con- 
ditions. In other words, the polarisability of a nerve differs at 
different points of its course. What this depends on does not affect 
the question before us, which is whether any parallelism exists 
between polarisability and Griitzner’s results. I proceed to give 
some examples of experiments. I examined the polarisation of 
each nerve preparation at three different places, namely, (1) at the 
plexus, (2) where the branches to the thigh were given off, (3) in 
the lowest part of the nerve. 


Experiment IX.—3 Meidingers, rheochord 1000; duration of 
closure 5”; distance between the electrodes 8™™, 





anew 





Mean. uu 2504 
Mean variation 0-056. 
I. 


No, 





9 
10 





Mean 
Mean variation 0-088. 


1 Grottaner, Loc, cit. pp. 163-165, 
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Mean variation 0-052. 


Experiment X.—3 Meidingers, rheochord 1000; duration of 
closure 5”; distance between the electrodes 10". 
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Mean variation 0-136. 





IL. 
No. Deflection. 
6 ae oa oo os oo at 
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Mean variation 0-072. 


Experiment XI.—3 Meidingers, rheochord 1000; duration of 
closure 5”; distance between the electrodes 10™™, 


amon 








Mean variation 0-072. 
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Mean variation 0-024. 


Experiment XII.—3 Meidingers, 
closure 5”. 
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Mean variation 0-072. 
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1m. 
ON THE 
INTERNAL POLARISATION OF NERVES. 
Br Dz, ROBERT TIGERSTEDT. 


Communicated to the Swedish Royal Academy of Sciences, September 13, 1882. 


II. 


Arrer Peltier had demonstrated polarisation in muscle?, du Bois- 
Reymond in the year 1856 showed that internal polarisability is 
encountered as a widespread property of animal tissues, including 
nerve and muscle? Later (1867) he proved that this polarisability 
is incomparably stronger in nerve and muscle than in other bodies 
moistened with electrolytes, as well as that the strength of the 
polarisation increases with the duration of the current, up to a 
limit. This polarisation might arise in two ways. It might be 
external, at the junction of the muscle with the clay of the elec- 
trodes; and it might be in the substance of the muscle itself. 
He thought it unlikely that the first cause was here capable of an 
appreciable action. On the other hand, he demonstrated internal 
polarisability by so placing the electrodes of a galvanometer be- 
tween those of the polarising current that the galvanometer 
was not acted on by the muscle while the polarising circuit was 
closed. After the polarising current had flowed through the 
muscle a sufficient length of time, with the galvanometer circuit 
open, the polarising circuit was opened and that of the galvano- 
meter closed by a switch. A deflection ensued in the reverse 
direction to that corresponding to the polarising current in the 
muscle. Du Bois-Reymond obtained similar experimental results 
with nerves*, 


1 Du Bois-Reymond, Untersuchungen aber thierische Elektricitat, i. 1848, p. 376 
foll. 


7 [hid Geeammelte Abhandlungen, i. p. 19. 
» Ibid. if. pp. 191-193. 
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Experiment II.—3 Meidingers, 1000 rheochord units; duration 

of closure 5”; distance between the electrodes 11 ™™. 

Deviation. 

a7 

3-05 

28 

26 

as 

Mean. 2476 


aceon 





Mean variation -092. 


Experiment III.—3 Meidingers, 1000 rheochord unite; duration 
of closure 5” ; distance between the electrodes 10™™. 


Deviation, 
395 
39 
36 
39 
395 


Men... 386 





keno’ 


Mean variation -104. 
* The time which elapsed between the opening of the polarising 
current and closing of the galvanometer circuit I tried to deter- 
mine by means of a Depretz’ signal. The following table contains 
the times thus arrived at :— 


Time in Time in Time in 
Seconds. No. Seconds, No. Seconde. 
. 019 12 032 23 017 
019 18 033 py 023 
018 u“ 1040 25 . 091 
025 15 03 26 . Oar 
074 16 041 27 . at 
027 7 032 28 on 
1032 18 037 29 _ 022 
032 19 037 30 - 033 
032 20 032 81 + 023 
015, 2 030 32 . 023 
025 22 036 38 . 023 





The mean of these observations is -028 seconds; the mean varia- _ 
tion amounts to -005 seconds. 
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16000, 18000, 20000. The mutual relations between these 
strengths of current I determined by the deflection of the gal- 
vanometer, when the principal current went to the nerve and a 
branch of it was led off to the galvanometer.by means of a 
Siemens’ rheostat. In order to exclude, as far as possible, the 
effect, of polarisation of the nerve, I passed the current through 
the nerve in both directions at each determination, and took the 
mean of the deflections obtained. The results are recorded in the 
following table :— 


Eheochord units in Current strength 
the derivation circuit. Bh. t00=1. 
1 
16 
2a 
a8 





These values, with the corresponding rheochord units, are used 
in the records of experiment which follow. The following table 
comprises the results of a series of experiments relating to the 
subject :-— 
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TABLE I. 
a Numbers of experiments and readings of 
No. rs 2> galvanometer. 
os 
ale 2 3 4 5 6 7 
1 100 3 6 
2 200 “75 8 
3 300 3 15 
4 400 10= 1-6 
5 §00 13 1-98 
6 600 14 215 
7 eo 16 2 
8 800 19 2465, 
10 Fo ie Ei 
000 2 ee 
11_| 1,500 31 | a7 | 42 
12 | 2,000 365 | 445 | 5 
13 | 2,500 4 | 52 | 3.6 
14 | 3,000 455 | 55 | 62 
15 | 3,500 495 | 5-95) 67 
16 4,000 52 | 6-4 735 
17 | 4,500 545) 67 | 77 
18 §,000 375 | 7 79 
19 | 6,000 62 | 7-45 | B45 
20 | 7,000 66 | 765] 9 
21 | 8,000 6-75 | 8 915 
22 | 9,0c0 7 83 | 98 
23 | 10,0c0 73 | 845] 98 | 103 
24 | 12,000 73 | 8:95 | 10-2 
25 | 14,000 7:5 | ga | 10-4 
26 | 16,000 795 | 9:35 | 10.8 
27 | 18,000, 84 | os | m4 
28 | 20,000 86 | 97 | 114 
The distance between the electrodes was in 
Experiment 1 30mm. 
» 2 
” 3 
” 4 
» 5 
» 6 
” Tow 





In all the experiments 7 was = 5”. 


In order to make the irregularities of individual experiments 
compensate each other and to bring together the results of all the 
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experiments, I calculated the mean of the first six’, The numbers 
thus obtained are 





45 
16 17 
a2 96 
28 1-35 
33 154 
38 vy 
42 1.9" 
46 218 
5 229 
54 247 
69 3:36 
81 495 
or 461 
99 497 
10-5 5:36 
u 572 
115 5:99 
ng 6-26 
126 6.69 
13-2 7-07 
135 7-26 
13.8 761 
14 Tm 
145 8.02 
151 815 
15-5 84 
15-9 a 867 
161. 887 


From these determinations it follows that within the strengths of 
current employed in my experiments, the polarisation of the nerve is, as 
near as may be, directly proportional to the strength of the polarising 
current, 


2. The dependence of polarisation on the duration of 
closure of the polarising current. 


To investigate this question I used a current of the same strength 
in all the experiments, and passed it through the nerve for unequal 
lengths of time, namely for periods of 1, 3, 5, 10, &c. seconds, and in 
some experiments of 240 seconds. At the end of each period the 

1 Experiment 7 I have not used in these calculations, as in it the individual deter- 
minations were too few. 
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galvanometer circuit was closed. A number of experimental records 
are exhibited in Table II. 











TABLE II. 
Numbers of experiments and readings of galvanometer scale. 
No. | T. 
8 9 10 n 2 | 13 1% 
as 
1 1 [| 13 1a 12 16 15 1 
2 3 19 2-05 ar 3 27 ad 
8 | 5 | 25 | 255 25 35 35 33 
4] 10 a5 29 3 435 46 43 
5 20 295 36 37 ea 57 305, 
6 | 30 315, 39 415 On 15 
7 1 45 | 345 | 405 45 66 65 6-6 
8 | 60 | 3:65 | 4:65 475 | 66 6-9 z 
9 | 90 3:95 4°85 53 7 73 735 
yo | 120 | 41 52 575 | 735 | 75 765 
1 | 180 | 48 5a 59 77 835 | 77 
12 | 240 a * 6a 79 9 ” 








Nore.—The distance between the electrodes and the strength of 
the current were in 


Experiment 8 Rh. = 
» 8 a5". 25 e 
” 10 15» oo 
in? Gal 30» id 
» 1 30, = 
» 18 20, ” 
” uu 3B Cie 





The means of the seven experiments (mean deflections for each 
duration of the closure) were as follows :— 


No, 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
i 





1 ‘The values for # duration of the current amounting to 240” sre not counted in the 
mean, as they only enter into three experiments. 
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TABLE III. 
bey i ; 
a %| Numbers of caperimente and readings of galeanometer scale 
Wo. g 8% 
Sez 1 | 16 17 18 19 20 | oat 
1 | o 117 
aloo 4 
3 | a 3 
4 3 44 
5 | 4 35 
6 H 3-05 
7 2.65 
8 z ae 
9) 8 vy 
10 | 9 bs 
2 16 
2 13 
13 195 
eT) o7 
15 06 














Nore.—In all the experiments the polarising current was closed 
for 10 seconds. The distance between the electrodes, and the 
strength of the current used were in 





Experiment 15 E. = jomm, Bh. = 2000 
” 16 E. = 30, 335 4200" 
» 4 E. = 35, vy = 3000 
” 18 E.=35,, 1 = 4900 
» E. = 20, ve 4oeo 
» 20 E. = 30, ~ a 2000 
ah 21 E.= 30,, 9. 4) = 3000 


The means of the deflections observed in experiments 15-20 
for each duration of the interval between the opening of the 
polarising current and the closing of the galvanometer-circuit 
were as follows: 


Time after opening of & 
the polarising current. g 
6.84 
409 
2-80 
2104 
1.68 
137 
116 





ansouno 
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From all these experiments it appears that when the polarising 
current is opened, polarisation reaches its highest value instantane- 
ously, and after that declines continuously, This decline proceeds 
at first very rapidly, afterwards more and more slowly, so that the 
polarisation lasts a long time after the current is shut off, and ap- 
proaches the zero point only asymptotically. 


Iv. 


THE NATURE OF THE ELECTRICAL 
BREAK-EXCITATION. 


By Dr. P. GRUTZNER. 


PAliiger’s Archiv, Vol. xxaii. p. 357- 
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original exciting current, provided that the whole of the fibres of a 
nerve-trunk give as strong a polarisation-current as those whose 
excitation we observed in the case of the gastrocnemius, which is 
not altogether certain. Unfortunately I do not possess the ap- 
paratus necessary for this experiment, and I must ask the reader to 
be content for the present with the evidence which I have been 
able to bring forward. 


ON NERVE-EXCITATION 


NERVE-CURRENT. 


Br EWALD HERING, 
Professor of Physiology in the University of Prague. 


Sitzungsberichte der kaiserlichon Akademie der Wissenschaften, Vienna, vol. Ixxxy, 
Part 3, p. 237. 1882. 
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the researches tabulated below; but the direction of the current 
must not be changed in the course of an experiment. For, 20 
a current at its point of exit, impairs considerably the 
susceptibility of the muscle substance for positive anodic polarisation. 
Thus, when in an experiment the spot of muscle which had acted as 
the point of entry for the descending current, served as the point 
of exit for the stimulating ascending current, it showed much 
weaker positive polarisation, and might even show negative polari- 
sation, a circumstance of which I made mention in the preceding 
communication. An exactly analogous experiment can be made 
on another muscle with a descending current; it is best to use the 
other sartorius of the same frog. 
The following table gives examples of such a series of experiments. 
The Roman numerals correspond to the order of the individual 
experiments on the same muscle :— 


1. 


Ascending current, 7 Daniell. Closing time 5 secs. ‘Transmission time 026 sec. 
to 034 260, 








Entire ints Lower Upper hal; 
eae eels mate 

L +220 

IL +348 

mL 45 
Iv. +287 

v. +177 

VI. 43 

VIL +123 











to +034 wee. 








1 +200 

IL. +300 
1. -35 

IV. +239 














v. +136 
VI. -%6 
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the anodic spot of the muscle. Accordingly contraction can only 
be supposed to commence simultaneously throughout the whole 
intrapolar tract when the currents are of greater density in the 
muscle than the strongest currents used by Biedermann. 

Had not du Bois-Reymond adhered to the old view of simul- 
taneous stimulation in the whole intrapolar tract, had he even 
regarded as an open question that of the starting-point of excita- 
tion in direct electrical stimulation, he would scarcely have em- 
ployed in his experiments on polarisation muscles divided by 
tendinous intersections. At the same time it was an unfortunate 
circumstance that the very muscles which he chose on account of 
certain advantages presented by them should have been traversed 
by tendinous intersections, for bad those intersections not been 
present, du Bois-Reymond would certainly have recognised the 
error of his assumption, at all events in those experiments in which 
he led off the polarisation-current from one or the other half of 
the intrapolar tract. 

In a future communication I shall have to speak of du Bois- 
Reymond’s researches on secondary electromotive phenomena 
in nerve. 
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IIL. Duration of stimulation 2 seo, +2 


Iv. ” ” Aon +25 
vo» ” Bi +3 
VI. ” 16 yy #35 
vi, » Bo 43 


Cold frog. Du Bois induction-coil. Galvanometer tract 9 mm. Intermediate 
tract about 30mm. With switoh. 
Current of electrodes +40. Nerve current +134 
L. Duration of stimulation 1 500. +4 


I» ” I» +3 
TL ” ” Bon +45 
Iv. ” ” 5m +6 
veo» oI +7 
VIL. ” ” Bon +45 
VII. xe nO yy +65 
vay nn Wy +6 
ma ” ” Toy +1 
xX» » Sin +4 

. ” ” TO » +5 
XII. » » 30 » +8 
xm. ” ” Sin +25 
xIv. » » 60 +55 
xv. oy n 10 +4 


Cold frog. Stimulation with induction-coil. Galvanometer tract 9 mm. Inter- 
mediate tract sbout 30 mm. With switch. 
Current of electrodes +17. Nerve current +103. 
I. Duration of stimulation 1 sec. +3 


TI. ie » ain +55 
1m. ” ” Si» +7 
Iv. ” Toy» +8 
v. ” » 20» +9 
VE on » Si» +4 
vy ny +6 


Cold frog. Stimulation as with preceding. With switch. Galvancmeter tract 
8mm. Intermediate tract 32 mm. 


First neree. 
Current of electrodes —40, Nerve current +81. 
I. Daration of stimulation 20 seo. +6 


1. i » 30 » +7 

I. ‘3 » on +8 

Iv. ” ” bon +4 

v. » » Go y +3 
Second nerve. 


Current of electrodes —45. Nerve current +84. 

I. Duration of stimulation 60 sec, +105 
au» » 6» +7 
mL ” ” Pn +8 
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IV. Duration of stimulation 30 sec. +4 
v. 


” » 20 +3, 
vi. ” wy 10 yy 35 
VIL. ” ” 5» +2 

vil. » ” 30 on +35 
mx ” ” BO on +3 


The circumstance that it is sufficient to tetanise the nerve for 
® fraction of a second in order to obtain positive after-variation, 
suggested that even a single momentary excitation might be suffi- 
cient to produce this result to a slight extent: My attempts to 
demonstrate this by means of the repeating method failed from 
causes which we shall have to discuss in a further communication 
on the negative variation. 

As negative variation increases with the strength of the stimu- 
lating current, so likewise does positive variation, but only up to a 
certain limit. In this case again more accurate data can only be 
arrived at from a very large number of researches. Naturally the 
decrease in consequence of repeated stimulation is very evident 
in this case, where we are dealing with increasingly stronger 
stimulations. 

In the following series of experiments the lapse of time between 
two successive stimulations was about 3 minutes. 

Cold frog. Du Bois induction coil. Galvanometer tract 9 mm. Intermediate 


tract 34mm. With switch. Duration of stimulation 10 secs, in each case. 
Current of electrodes +30. Nerve current +133. 


I. Distance apart of coils 50 em. +4 


IL » » 42 n +4 
ul. ri an JO » +6 
Iv. » ” 20» 6+7 
Wee Pah ih 15 

VI. ” ” 5» +6 
vo 2 55 
vi oe +48 
oa a a eer) 
x ” BO oy Ht 
XL . # 20 {573} without awitoh . 
xm. ” ” 20 » +5 


Cold frog. Stimulation as in foregoing. Galvanometer tract 9 mm. Inter= 
mediate tract 27 mm. Duration of stimulation 10 secs. With switch. 
Current of electrodes +30. Nerve current +151. 
I. Distance apart of coils 50 cm. +0 
I ” » 4» 
1. » » 30 
Iv. ” ” 20 » 


v. » » 20 
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The numbers denote the intervals in millimeters—polarising current led in at 
A-B, loading-off electrodes at co’ and dd’. 

‘The battery elements, as in all the following examples, were zinc and carbon, the 
duration of closure, unless otherwise stated, being extremely short. As no special 
care was taken to make the closure always of equal length—this being effected by 
the hand—the inequality in the deflections of successive experiments may be taken 
‘as due to this. Comparisons of the amounts of deflection can only therefore be made 
in the case of observations taken at the same time in o¢ and indd’. This holds good 
for all the following experiments. 

‘The comparison of the two deflections in co’ and dd’ is naturally farther compli- 
cated through differences in the two galvanometers—differenges as well in the delicacy 
as in the period of oscillation of the magnets. We have taken the necessary read- 
ings for correcting the deflections 20 as to give them the value which they would have 
had if the two instruments had been identical. But this reduction has no practical 
importance, and is therefore omitted in the experiments given. The first glance 
shows that the galvanometer in connection with ob’ was the more delicate one, A 
deflection off the soale is denoted thus oo. 











Nomber | Ditstion of After-current deflection. 
of cells, | Polarising | ——_____ 
current, Ince’. In dd’, 
3 pane — 75¢ — 304 
» — — 32€ — 204 
Ge — —158A — &C 
” —_ 102A — 40 
ro = 88 ~ 55) 
9 + ot c + $s} - 
— = 98 - 4) 
* sao | 7h 
as = 198) = 55) 
+ seh + She 
-u5' = 50) 
by ae = sha 7 She 
=115) = 55) 
18 me a se 5 ipa 
— 280) 
as — Th 5 ste 

















‘The letters A and C denote that the leading-off electrodes lay respectively in the 
neighbourhood of the anode and kathode. 


Another example. Two sciatic nerves, as in the preceding experi- 
ment. 


a4 
aleted 35 {ele], 
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Number | Direction of After-current deflection. 
of cells. | current. 
In oe’. In da’. 
r cca — 1060 —- RA 
bd = - 5a — 1360 
[= | sese | sanbee 
— — 48 = 
= +4 107 kK 
” — = 536,€ rerun 
— — 30 ay 
i + anh aA 76 0,0 
= 26 
9 _ =1406,C Tsutes 
— 80] 
= = rey —2go.¢, C 
= —159) = 87 
=120) 102) 
» | — | Tijea | ihee 
—_— —357 202) 
4 + ST} «© Tara aA 
— 243) —558) 
r + iit ol + mat ec 











‘The readings in co” were taken by Herr v. Gendre, those in dd’ by myself. The 
delicacy of the two galvanometers was nearly equal; mine was » little the more 
delicate. ‘That the deflections in spite of this were relatively smaller in oo’ than in 
dd’ was dne to the slower swing of the magnet of the first galvanometer, 60 that 
during the deflection the after-current had already markedly decreased; this we 
ascertained by special experiments‘. 


In order to establish the law still more firmly, experimenta were 
now arranged in which the two sartorius muscles were led off at the 
upper end in the neighbourhood of the symphysis. If the law holds 
good, then the + phase should appear more easily or even alone in 
that muscle to which the kathode is applied (i.e. the reverse of what 
was previously the case), since now the leading-off contacts, though 
on the kathodic muscle, are in the neighbourhood of the physio- 
logical anode. The prediction was most beautifully fulfilled. 


1 The galvanometer used in cc’ was an ordinary Wiedemann, that in dd’ one com 
structed by myself and described in PAliger’s ‘ Archiv, 
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In the tables the letters a and c indicate that the deflection to the record of which 
they are appended belongs to the muscle to which the anode and kathode are respec- 
tively applied. The capital letters A and C indicate that the region led off was in 
the neighbourhood of the physiological anode and kathode respectively. In the 
preceding experiments the physiological and actual anodes and kathodes were identical. 
‘This is not the case in the following ones. 


Example. Sartorius muscles attached to the symphysis. Leading- 
in electrodes at the two knee-ends A and B, Both muscles led off 
in the neighbourhood of the symphysis at cc’ and dd’. The schema 
gives the intervals— 











e oe 8 a @ 
al a9 Pa oh a od a9 bts 
: 7 
Heiatier-| Dieeoiton et After-current deflection. 
of cells. | current. 
Ine’. Ina’. 
1 — = 2064 - 154, 
” — - 15,0 = 5304 
3 pees 7 Hat oA =119 8, 
Fy — = 34a,0 7 Blea 
= 99 
” a + 134 °4 - 978.0 
ry avs — 263,C = 2 owe 
9 pad eo 8} oA —1348,C 
- 28 
» _— = 690 F614 o4 
~ 6 
> rans TBpea | -wrac 
» —+ | - sac Tas} od 
— = 83 
18 yap od 1269 a, 
a at —186 a, C Tet owe 
"De = 53 = 
in 7 Blea 188 a, 
z — | -wxc | 7H}ea 




















‘The galvanometers used were thesame as in the previous experiments, and, as is 
evident, the remarks as to the differences between their deflections apply here. (The 
readings in co’ were taken by Herr v. Gendre with the Wiedemann, those in dd’ by 
myself with my galvanometer.) 
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Example 1. Example 2. 





‘rection | Deflection rection | Deflection 
Namber | Direction | Gower end || Number) Direction | (ower end 








of cells. | of current. | Cr mnscle), . | of current.| of moscle), 
F 1 -1670 Delicacy of galvanometer 
ali Sie eae 
» +133 1 1 - 130 
: 1 =2900 -8 
; =iga » t + 7h* 
” +137 " n — 350 
a 4 1540 — 15 
+ | cen |» t 5 gfe 
ft +125 3 + ~ 470 
‘ 1 —3200 = 
: " t sete 
» t | 58}. sae 
+o ‘3 l - 510 
Delicacy of galvanometer t - Bh, 
greatly decreased. i + 44 
- 9 4 — 380 
A bop r $s t | sage 
By t sate | 1 - 270 
* -no 
wha fae por | Sef 
s t Tastes |] 3s 1 —2370 
a 40 
6 t = He ” t eed 
* i +ary* |, aa ees 
9 1 | - 96 73 
= fe fagte pice |e eae 
Delicacy of galvanometer 
slightly incr 
rs t | - 416 
<7 
‘ t 7 ate 
” 1 ~ 630 
=127 
a t sah 


























There is another method by which the physiological electrode of 
a polarising current can be identified with the physiological leading- 
off contact, namely, leading a polarising current into a piece of dead 
muscle, and leading-off to a galvanometer from this in place of the 
tendon in the experiment just described. The employment of this 
method did not give those results which might at first sight have 
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‘Example 1. Example 2. 
Direction H < Direction 
Number After-ourrent || Nomber After-current 
of current of current a 
of celle. | uns deflection. || of oella. | °F ONT" deflection. 
‘Led off at oc’, current of rest + co Led off at oo”, current of rest + oo 
0.0311 D. = 0.0465 D. 
— 26 living to — 41 living to 
x - ey 1 - auliving 
— 42 dead to — 49 dead to 
” ss living iy Py living 
3 - — 641. tod. 3 - + gol.tod. 
is - - 42d.tol i _ —160 d. to 1. 
6 - — gltod. =~ —153 
i = - 61d.tol. 8 TH] boa 
=-1 » = —260 d. to 1, 
9 ~ | Fasfhee ~ | This 
3 ~ = 604. tol. 9 +2324) 
ie . THEY ato a ” = —630 d. toL. 
+110 +4 a4 Tp toa 
» = =590 d. tol. +659)" 
» - -o d. tol. 
Direction Direction 
Number After-current |] Number After-current 
of calls. | feurTent | “deflection. || of celle. | ourent |“ deflection. 
Led off at dd’, current of rest — 565 || Led off at dd’, current of rest + 00 
scale = 0-0436 D. = 0.0448 D. 
ao — 20 dead to . an — Jo dead to 
- living living 
a - — rol.tod. 7 -u7 
6 - —315 d.tol. 5a + gibt 
” - — 30d tol. 
% - Tf uta bodied 
, + 55 “sg ps = Sh. tod. 
9 - =479} a. tol. ae 
+10 4 + =183 d.toL 
=a15 EY = 45 
” = | Tgpreal . 7 Bfitea 
18 - — @ d.tol. 9 - = 496 4. to 
as =516 
» aa Tepito ” = Firefh toa. 
18, - = wd.tol. 
Aaa 
» - 7 Efrwa 
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which prevented du Bois-Reymond (p. 348) from using polarising 
as leading-off electrodes is in this way completely avoided }. 

When one such double e‘ectrode lies upon a living, the other 
upon a dead portion of musele, then. as might be expected, the 
+ after-current only appears following such currents as are directed 
from the former to the latter. i.e. from living to dead tissue. In 
every way the above arrangement presents itself as the most favour- 
able one for obtaining the + after-etfect of muscle, even when both 
double electrodes lie upon living tissue, since in all cases the leading- 
off is from the most effective portion of the anodal intrapolar region. 

¢¢. Sartorius muscle, with one end 4 in heat-rigor. 
Leading in and otf by means of double electrodes at ce’. 
ec oe 























Direc~ 

vf tion of 

ilk, current. Actual Calculated reading 
reading. most delicate 


Position, 





Carrent of rest = © = 0.0386 D. 
Fell delicacy of galvanometer. 


1-426] 426) living 
' net +105 { to dead 





» + M3) 343 one 
Codi farther away (5°. 
—3800 
3 - raed Drs 
ae =3800 dtol 
7 6240 
9 - Fide {Led 
a . ~3380 tol 
1 stil farther away gh. 
i 13600 dtl se 89) = 5340) 
1s =r} tto20 jb ee 
nt AGE 8320 tol 








1 In this, as in all experiments of this mature, if a rhecchord be used in order to 
chiain weak y-larisinz currents. the break must [fe between the tissue and the 
rkecehord, not between the latter and the battery. See Pflaer's “Archiv, vol. vi.p. 318.) 

* The fractions in the brackew indicate the relative delicacy in each particular 
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Led off at of. ! Led off at oo”. 
camber | Direction of é Direction of 
‘Number 7 Number . 
polarising | After-current, 1 polarising | After-current. 
of calls. | current, fells. | "current. 
Current of rest —> 437 scale=0-0149 D. ; Current of rest + 394 scale=0-0099 D.| 
— 34 livi . — 97 dead to 
ay a les) a 
— 32 dead to |: = 14h 
» =%. living |.” + # to ded 
4 - —8Ltd | 4 - =arod.toL 
ki ~ sirdtolL |, ~ —200 L tod. 
Pat =132li wal 9 - 202d. toL 
$ # an > —5501L tod. 
” x see BE Half the coil used (4). 
18 = Th fbwa a = —433 4. toL 
” > —ssad tol (-540) 
—587 
7 = SZ} toa 
~734' 
j (658 
” | 7795. tol 
, (494) 
~s80 
' | i*-4 Tg ltoe 
ie ~738 
i (378 











As in the last-mentioned experiments on muscle, the two pairs of 
electrodes were now identitied, and the one united pair was placed 
upon a destroyed spot, the other upon a living portion of a nerve- 
preparation. 

In this case also. with a few exceptions in which very strong 
currents were used, the + after-effect appeared only with polarising- 
currents directed from living to dead tissue, and on account of the 
favourable leading-off it revealed itself after a weak current such as 
that of one zine carbon cell. 

Example. Two sciatic nerves placed together as before and 
crashed at one end (dark line in schema) united leading-in and 
leading~off electrodes at CC’. 

Ic Cc 


=j — 
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ance is the strength of the first + anodal after-current relatively to 
the second — effect, the former with weak currents frequently ap- 
pearing alone ; further the second phase is not, as in the case of 
nerve, stronger than the kathodal after-current, but on the contrary 
is always markedly weaker; it is, however, always of longer dura- 
tion. The law for muscle may therefore be expressed as follows: 
on breaking a polarising current, there appears om cach side an after- 
current having the same direction as the previous polarising one (i.¢. 
4); this is followed on the side of the anode by an opposed — de- 
flection of long duration, whereas on the side of the kathode the + 
after-current shows no suck opposite phase, but attains a very marked 
strength and then completely disappears. In a few instances (of which 
the second example is one) I saw with weak currents, a double 
effect, firss + then — on the side of the kathode. The follow- 
ing are examples of the facts described. 

Example of an experiment on nerves. Two sciatic nerves placed 
side by side in alternating directions (as in previous experiments). 
Extrapolar leading off at CC’. Duration of closure short as possible. 








By) BR] OA fe te 
eee cee 
Long polarised region AB. _||_‘Short polarised region AB’. 
Direction of Direction of 
Number on of | After-current || Number tion of | afer-ourrent 
polarisin ay aris eons 
of cells. | Polarising ince’. || of cells, | Polarising in oo’. 
8 
1 — fasts 1 _— t Ble 
7 — + ate # = + 60 
3 _ -117 #8 oe + 5 
i — + 520 e - dele 
= + 20 » _ + aze 
2 Ligele 9 ez: +35 1A 
5 — + 750 = gi* 
78 ei | . —_ + 506 
=174* ee + 20 
» _ + B4e ad tase | 
Pus +35), — + 390 
# Ese 
” 5 tad + jac 1 
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Another ewample on nerve, Arrangement as in preceding experi- 
ment, polarising current led through ABand AB’ alternately. Short 


duration of closure. 























After-current in 0’. 
‘sing | With direction | With direction 
Polarising : * 
Number of polarising | of polarisi 
of calls, | ™Tent led current, Garret. 
1 AB afk {. + 50 
a AB mee ts +140 
3 AB Be Bel +130 
on AB of Ba +370 
9 AB ©, aet* +330 
‘ AB -4gte +500 
18 AB * Bede +480 
= AB # ae ts +300 
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Ezamples of experiments on muscle. Sartorius, extrapolar leading-off 
contacts at ce’. Polarising current led in at AB; short duration of 
closure. 














aA Bie de __ 
Example 1. H Example 2. 
Direction of a Direction of 
Number ion of | a ere Number r After-current 
of cells. | Polarising nov | Seca | Polarsing in of. 
current, 
1 poe +a | 2 _— + 358 
” baa - 40 ay + ab, 
129 — + 208 5 4 
» _ - 40 » —_— + joa 
3 — + 328 es SS; + hy 
is — oc = 8! 
” —_ 308 
— 3 
2 - ele a are t the 
» = +156 eee 
ve & 438 3 _— + 558 
” * ete a ae +170 
” = +1620 ” — + 40a 
es tle ” — + Bo 
ied = 60% + 42 
» — +1530 9 ie - tee} 
+17 ‘ — +3940 
18 oe ete a ee Ie 
af rd +339¢ id — 4aT* 
a Thy » _> +4360 
g = 183" Favs +35) 
” _— +3280 " - 15 
” ard +4850 
” _— + 8h 
j P — +4020 
| ' = 30 
! ! 18 tBete 
i ” = +5420 
_— 30, 
: - 1Rets 
{ » — +468e 
. i h 























We postpone the explanation of the appearances observed to the 
next section. From experiments with intrapolar leading-off, it was 
to be expected that the phenomena would also appear more forcibly 
with extrapolar leading-off, if one leading-off electrode was united 
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with one of the polarising electrodes, and the extrapolar led-off 
part brought thus immediately up to the polarised region. One 
leading-off electrode was therefore placed with its kaolin point on 
the kaolin of one of the leading-in electrodes. 

In this case the phenomena appeared still better and with more 
regularity than they did with the ordinary method. 

Example of an experiment on nerve. Two sciatics lying side by 
side in alternating directions. lLeading-in contacts at AB. Lead- 
ing-off contacts at cc’. Electrodes c and B united. Short duration 
of closure. 








° ¢ 
aid : 
Soe 
Direction of 
Number soe After-current 
polarisi 
of cells. parton in of. 
+1 
1 — t yiefe 
” — + Be 
4 Roe. rae }® 
» — +nre 
+ 5 
2 ont faded 
” —_ +1860 
18 ert pane * 
* — +2966 
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Example of an experiment on muscle, Sartorius, led in and off as 
in the preceding case of nerve. 








é Direction of 
Number es ee 
of calls, | Polarising Atel 
+ 60 
x — Mneos ty 
” _ + 560 
4 _— Mara 
” _ +1230 
Bobbin removed to 
farther distance 
from galvanometar (7). 
reduoed 
values. 
+2 + 36 
” _ + gefe> tae 
» _ + 50 = +90 
9 ed — sata = —954* 
” —_ + ito = +198 
ink +4 1, 2 +352 
ae — 430 f° 7 784" 
” _ +120 = 4216 














Finally, it may be stated that I have made s number of experi- 
ments with Herr von Gendre’s help, upon nerve and muscle led-off 
intrapolarly and extrapolarly at the same time, in order to deter- 
mine the time relations of the two phases. But as these experi- 
ments offer no new point of view, I omit farther reference to them. 


5. Explanation of the intrapolar and extrapolar after-currents 
of Nerves and Muscles, together with further experiments. 
A. The after-currenta which arise from true polarisation. 

Since its discovery by Peltier, it has been accepted by all obser- 
vers that the opposed — after-current, which appears in the 
intrapolar region of a length of nerve or muscle, through which a 
current has been led and broken, is due to internal galvanic polari- 
sation. This current shows, in fact, unmistakeably all the peculia- 
rities of a polarisation current. Especially noticeable is its rapid 
decline, as evidenced by the fact, that only slight traces of it can be 
found when a short time is allowed to elapse between the breaking 

the battery and the closure of the galvanometer circuit. The 
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former case, the effects of the excitation on the anodic half of the 
muscle seem less marked than those on the side of the kathode; this 
may be attributed in the main to the greater density of the current at 


"rile cine 


Fig. 9. 


Fig. 9. ‘Tracings obtained in the same way as in Fig. 8 when the exciting- 
current was directed  . 


the point of exit. The sudden relaxation of the kathodic half of 
the muscle on opening the current is then shown with extreme 
distinctness and is recognised at once as a phenomenon equivalent 
to the anodic inhibition of closing. 

From this description of the variations in form which are obeerved 
when a veratrine muscle in tonic contraction is excited electrically, 
and from a consideration of the examples of the curves which are 
given, we perceive at once that we are dealing here with essentially 
local changes of the muscle, confined to the immediate neighbour- 
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Nomber Right 
ofeclian | CLT Left half. bait, ‘Remarks. 





a Dan. | M.St, «— {quick to —40, 


slow to —74 80. 
a» | tec, «— | +18, quick too 
mn [am t=] 43% te 
» |4n —/]4% » 0 


a Dan. | MSt. —— | —32, slow to —56 
n | 2800. | +32, quick too 
» [ay —>| +16, 4 8 
» 2 t—| +94 +3 


—— 


Pause of ro min, 
M.C,=—7 80, 





» | rec, —— | +26, slow to —2 
» [3 » s—| +8, slow too 


a Dan, | MSt. «— | quick to —24, slow to—47 
” 5 » +—| —13, alow too 








2. Rana temporaria, curarised; everything as in the previous 
experiments. 





‘Number « Right 
‘of cells. : CLT. Left half. if. Remarks. 





2 Dan, | M.St. «— | quick to —a1, slow to —54 

» | MSt.+— | +12, slow too 

» rec. +-— | +23, slow to —5 

” 3» +— | hesitates then —3 

» 5 » +— | —14 slow to —6 
Panse of 15 min. 
MO.=—12 40. 





a Dan. | M.St. -— | quick to —18, slow to —35 


» | tee. -—| +20, slow to —a 
» | 3» +—| —8445, slow too 

” 4» —| —18, dow to —12 

Pause of 10 min. 

» | MSt. -— | quick to —25, slow to —39 ‘After crushing the 
| 2400. — | +24, slow to —5 lower (left) end 
” 2 4 +—| +36, slow to +3 plore 
» | 2 9 —+ | +28, slow to +10 pel nry 




















Thus, as is directly proved from the preceding series of experi- 
ments, strong positive kathodic after-currents may be observed 
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Under these circumstances it could be shown with complete 
certainty that positive kathodic polarisation is a consequence of 
electrical excitation with battery currents even in striated muscles 
which are entirely uninjured. Under favourable conditions this can be 
always demonstrated. : 

In proof of this statement I give the three following series of 
experiments, which require no further explanation to be understood. 


4. Sartorius of R. temporaria curarised. The arrangement of 
experiment is as in 1, 2, and 3. The sign > denotes that the 
image of the scale moves back with decreasing speed. The muscle 
current of the left half amounted at first to —708c. and was com- 
pensated. 





Number Right 
aah az. Left half. Paty Remarks. 





aDan, | MSt.-—— | +108%. >0 


» 1 ec, +— + 87 >o 

» 3» +— — a3tI4 > 42 

» | 2 a | = 1455S 22 

é ty, -— | +260>+50 { ‘ 

» Sn | +> 412 ‘Aes seating She 
” 104, +— + 58>4+32 muscle. 

$i io, +— | — 2748 (MC. compensated.) 


n M.St.—+ + 226>0 { 





5. Sartorius of R. temporaria curarised. Arrangement of experi- 











ment as before. MC before the commencement = —76 se. 
Number Right 
a ar. Loft half. Right Remarks. 
i} 
a Dan. MSt. —-— +53 quick —22 
” Teec.+-— | +36 4, —30 
” a» +— | —82 slow —18 
Pause of } hour. 
MC. = +82 90, 
S MSt.<— | 413 quick —11 
e rec, +— | —3+8 quick —15 
» Ty + | +56> 412 } lower end of the 
* 3» +— | —42 alow —24 








muscle. 
(MC. compensated.) 
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exceptions, at least at the season (carly spring) when my experi- 

ments were performed. Later in the year, when the animals have 

been for a longer period in s higher external temperature, and their 

muscles no longer show that beautiful red tint which is so 

characteristic of their good condition, even slight traces of positive 
. kathodic polarisation are only exceptionally observed. . 

Now it is very remarkable and of the greatest interest for the 
interpretation of positive kathodie after-currents, that after killing 
the end of the muscle corresponding to the ‘ physiological hathode, it is 
easy, even in less sensitive preparations, to observe tolerably strong 
positive after-currents when atterminally directed battery-currents are 
used for stimulation. 

A glance at the above Tables 4, 5, and 6 shows, that after tho 
Kkathodic end of the muscle has been killed, positive polarisation 
at the points of exit of the current is just as possible here as 
in the veratrine muscle. In the majority of cases indeed a con- 
siderable strengthening of the + deflections took place after the 
injury. This justified the expectation, that in cases also where 
positive kathodic effects are not demonstrable at all, they might be 
produced, so to speak, artificially, by killing the kathodic end of the 
muscle. The following series of experiments show that this is in 
fact the case. 


7. Sartorius of R. temporaria, curarised, Arrangement of experi- 
ment as before. MC = —2080. : 





Number Right 
areal. cur. Left half. hae Remarks. 





2Dan. | 1 sec. — | —6+14 quick to—25 


x M.St. <— | —34 slow to —18 

” MSt.+— | +83>+2 Third and following 
_— excitations al 

” T sec. Pit en, Sraiking the lowes 

z Sintra) he a (eft) end of the 

» 5 » <— | +24alow to¢ir muscle, 

» 6,+«—|-20 , o Current compen- 

” | tn me | +54 > +6 sated, 
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the nature of the changes effected by the current is in fact to be 
attained only by the combination of both methods of investigation. 
In this connection it should be distinctly noticed, that a direct proof 
of the presence of an antagonistic process following or preceding 
excitation, and indicated by corresponding changes in form of the 
muscle, is obviously only possible in the course of a persistent 
contraction of the muscle which has already come into existence ; 
without this, it could only be inferred in a most indirect way, 
by observations of the changes of excitability. On the other 
hand, the investigation of secondary electromotive phenomena serves 
to demonstrate with complete certainty, the existence of polar 
antagonistic processes in muscle when in a state of repose. 

Positive anodic polarisation coupled with negative kathodic on 
the one hand, positive kathodie polarisation coupled with negative 
anodic on the other, owe their origin to polar antagonistic 
alterations of the muscular substance : one set, of these alterations 
produces negativity and the other set produces positivity of the 
affected spots. The closing and opening contraction represent the 
mechanical excitatory effect of the former, and the opening and 
closing relaxation the inhibitory effect of the latter (when a tonic 
condition of contraction is present). Both contraction and relaxa- 
tion are no doubt conditioned by chemical changes of the excitable 
muscle substance, evoked by the influence of the current, though 
nothing definite can be said at present as to the nature of these 
changes. But while the changes which take place on closing the 
current are directly produced by it, the effects of opening it are 
essentially reaction phenomena, which have their origin in the 
altered muscular substance ; a statement which applies not only to 
the anodic opening excitation, but also to the kathodic opening 
inhibition. 
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It was certainly in the highest degree improbable, that the fresh 
organ of the Malapterurus should have an amphichromatic reaction, 
and that of the Torpedo, an acid one. In order to explain Max 
Schultze’s statement, I therefore ventured the suggestion, that the 
electrical organ might, like muscle, become more acid by con- 
tinuous exertion. It is easy to conceive that Torpedos, from the 
moment of their capture until they reach the observer's hands, are 
exposed to a multitude of annoyances,to which they respond by 
shocks, so that they themselves bring their organ into the con- 
dition of the muscles of guinea-pigs and frogs which I had 
tetanised to exhaustion (see Collected Papers, vol. ii. pp. 26 ff. and 
716). 

aS suggestion has only been verified in part. Moreau found 
that the organ of the Torpedo had a neutral reaction’; Boll an 
alkaline one; thus in any case, Max Schultze is mistaken in regard 
to the reaction of the fresh organ in a state of rest. After the 
lapse of 6-10 hours, Boll saw that the organ of the Torpedo had 
become acid. According to him, however, it does not become acid 
like muscles, through exertion 2, and thus it remains uncertain how 
Max Schultze was misled. 


* Annales des Sciences naturelles, ete., loo. cit. p. 6. 
+ Archiv fiir Anatomie, ete., 1273, PP. 99, 100. 
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three times as small as that of the nerves of birds, or of mammalis 
with the exception of those of the horse, and over five times 
as small as that of the nerves of the lobster, as determined by 
Frederieq?. 

This striking result demanded further experimental proof, which 
in the course of the winter I carried out on two Torpedos. In con- 
sequence, perhaps, of the cold and hunger from which the creatures 
had suffered for more than two months, the average value which I 
obtained was still less than that of Christiani. The mean of his 
four measurements is 0007075, of my sixteen only 0-005925. In 
only one case I obtained a higher value, namely, in a very fresh 
fish, in which the force reached 0-01123, an amount observed even 
in weaker nerves of the frog and of the toad, notwithstanding that 
they are much thinner?. In so far as my measurements simply 
confirm those of Prof. Christiani, I would not dwell farther upon 
them, had I.not come in the course of them upon a point relating 
to their behaviour, which seems sufficiently important to represent 
in the following table :— 


ELECTROMOTIVE FORCE OF THE ELECTRICAL NERVES OF THE 
TORPEDO IN RAOULT. 

















Between Equator Between the Two 
and Transverse Sections 
Peripheral | Central (PC). 
Transverse | Transverse | Observed | Calculated | D—a. 
Section | Section (D). (4). 
(+P, t) | GG, 4). 
red Iv. | 0.00529 | 0-00284 =, = a 
i Hg | 1) UI] 000658 | o-c0400 = 9 = 
ak IL 0.00734 0.00458 | +0-00160 | +0.00265 | —o-cor0g 
Begs L | 00036 oco18s | +0.00194 | +0.00181 | +0-00013 
BSE] pil | ccob99 | 000489 | +o00119 | +0.00210 | 0.00091 
A"g TL | 0.00680 | 0.00583 | +00010§ | +0-00097 | +0-00008 
a 
2 I. | oorra3 | o00970 | +0.00150 | +0.00153 | —0-00003 
Ee IL | 0.00757 | 0.00577 | +0-00187 | +0.00180 | +0-00007 
5 ge) Tm. 
g ‘ 
geminus}| 0.00361 | o-cogor | +000195 | +0.00060 | +0001 
i #3 aan 3 3 95 35 














1 Archiv fiir Physiologie, 1880, pp. 68, 71. 
* Comp. Wedenskii, Notix zur Nervenphysiclogie der Krite. Archiv fir Physiol. 
1883, p. 310. 
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excited and led-off tracts, weak and sometimes reversed effects 
remained, attributable to current escapes which, owing to the 
thickness of the nerve, could not altogether be avoided. The 
absolute amount of the augmentations observed wus so considerable 
that 10,000 turns and a distance of 50 mm. from the mirror gave 
suitable deflections: their relative amount could not be determined 
for want of a point of comparison. Observations of the spread of 
electrotonus in directions alternately centripetal and centrifugal 
were unfortunately neglected. Such observations were made in 
Christiani’s more numerous experiments, but the irregularities 
above mentioned appeared in both directions, and once more nothing 
remains but to await patiently the results of new experiments. 

The experiments as to the polarisation of the electrical nerves have 
not been carried far enough to allow of anything certain being 
communicated. I have not yet found time to measure the electro- 
motive force of the muscles. It is to be hoped that a fresh consign- 
ment of Torpedos in the spring will afford opportunity to carry out 
more thoroughly and conveniently the investigations here mapped 
out than was possible in the first instance, as well as to undertake 
experiments of time measurement. 
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2 
As in Series L. 
CT o".0764. 
MeL red eel akt ed ed Ge 18 ll 1 


‘This series appears to show that, with short closing time of a weak 
current, relatively negative polarisation disappears s0 soon that almost, 
nothing is left but homodromous absolutely and relatively positive 
polarisation. 


3. 
3 Tor. 2. Day. OC 00129. 2-'P. 
CT 0.0063. 
V.—8. t +500 | —3507 +190] —118f +160] —1 
7 | ia | al | 36 [3 7 
55 


This series shows that under certain circumstances, with even five 
Groves, positive and negative polarisation are beautifully produced. 


a 
a. Torp. Fresh, Lajgmm. OC 00145. 2-'P. 
CT 0".0764. 
—8. |736 i = 7} +28 
+15 
get esl 39°54 33! iE 345 |! 38 aes 38 
Here the less favourable result in spite of more favourable conditions 
can scarcely arise from the closing time having been more than ten times 
as long, but must have been caused by the unontrollable irregularities 


of the experiment. ‘The effect in both directions of the third homo- 
dromous current impulse is to be noted. 


5. 
4. Torp. Freeh, 
CT 10".580. 
V.~S. + — 200 | —190, de. 
P. tise 485 to 471 
Only negative polarisation results from a longer closing time. The 
polarising current sinks to a small amount during this period, in spite of 
non-polarisable electrodes. 
6. 
3. Torp. a. Day. ap"P. 
CT 0".0032. CT 1".024, 
XB LGTY P| HT SP | ohh OO L818 call L388 see 
In this series, in which the closing time was the shortest possible, it 
is seen that, as in series 2, negative polarisation subsides, whereas it 
alone keeps the field when the closing time exceeds a certain limit. It 
is striking, and reminds ‘one of a twitch experiment to observe the 
increase of the effects during the first four alternations of the current. 


APPENDIX. 471 


1. 
a, Torp, = Freeh, «= Lagmm. = OC 0079. 


CT o".0764. 
XS. t +38 755 Fs al 
P. sé aR é $| sds] Sl ST & ale 
With a closing time ten times longer than in the preceding series but 
still short, negative polarisation already shows itself more strongly. 





8. 
3. Torp. “Fresh, OC 00133. 3~'P. 
OT 21.78. 


ara — 434 i —260 | —398 { —370 
P. + 564 to 515 | 589 to 564 4 548 to 484 | 573 to 548 

This series shows pure positive polarisation with a longer closing 
time, together with an appreciable sinking of the polarising current. 


9. 
a Top. a. Day. OC 0-044. y-'P. 
CT 0.0033. 
wee + 1 + 3 +58 | —3: —3t +50] —3+5, 40. 
ae rg re cre a ond 8 
The same result as with ten Groves and the same closing time. 


10. 
a. Tor, = Freeh. = Lagmm, —a—'P. 
OF 0.0764. 


0 
Rae SELLE ALT Lae 

"0 
DSU SST S201 58 [58 | 08d Vase Lae Toe | 


30 
[aoe | aT ort | ser Dsor La Taas | aT ae | ae? 

This series, in which thirty alternations of current at intervals of 
two mm, each, lasted for an hour, expresses very fully the law graphically 
represented in Fig. 17. After the 15th alternation the phenomenon of 
polarisation showed iteelf in the manner described by Sachs in the 
Gymnotus (see Sect. 10). 





pm eR 


u. 
a. Torp. 2. Day. = OC 0045. 2~'P. 

CT 0.0764. CT a1"78. 

XX. | + 520 “Bey 48 984 +31 | | ~1509 7 —355 | —1361 t —606 | ~954 t — 632 

va | 1544 77 | 47 ak lea 393 ‘| 


| xai8 | 1343 
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‘The experiments with a short closing time were merely a repetition 
of the foregoing series, and serve to show that the preparation was still 
in a condition of activity. The deflections of the galvanometer (P) with 
the longer closing time correspond well with those obtained in series 8, 
in which only 10 Groves were used and the closing time was the same. 
The increase of the deflections as the experiment proceeded depended 
on the heating of the preparation. The deflections due to negative 
polarisation are remarkably large in the last half of this series, 





12. 
1. Torp. a. Day. 0C 0.0059. 23-'P. 
CT 00629. 
XXX—S. | —58t +99 +50 [ —40¢ +28| —38f +12 [ — 
Fear bat ar are irik 
Essentially the same results are here repeated. 
18. _ 
2. Torp. Fresh. Laomm. OC 000g. 3-'P. 
CT 0".0764. 
XXX—S. | —128t +80 | —134f +130] -—73¢ +49 
| 134 | 284 4 146 | 262 iiet i 268 
14. 
a, Torp. 2. Day. Lizmm,  0€ 00053. P. 
CT 0.319. 
XXX.—S. | —s00-2f +10 | —325 t +56 ay | —150 t —37 
& | 370 Tio | 376 16 | ae | Gee | 380 ire 
15. 
2. Torp. Fresh. Ligmm, 
CT "024. CT 5"".202. 
XXX.—S. t +150" | —s00-2 t —145 | — 500-2 4 —500-2 | —500—2 
5 aoe Oa era rd be red ee 


Tho remarkable phenomenon which presented itself here, viz. the very 
slow development of the absolutely and relatively positive deflection (*), 
was obviously caused by the considerable diminution of negative polar- 
isation, which however did not in this case occur with sufficient rapidity 
to give occasion for a deflection in successively opposite directions. 


. 16. 
1. Tor. Freh. Lizmm.  33-'P. 
CT 5"-202. 


were tari 


XXX.8. 





APPENDIX. 478 


1. 
1. Torp. 3, Day. §=Lismm. 00? 2-'P. 
CT 0".0629. 
XXX.—S. t —87 | -84t —90 | -89 
P. salad else . 
‘The exhausted organ no longer gives positive polarisation, 
18. 
1. Torp. Fresh, but scalded. 24 -'P, 

CT 5"-202. 


. $ —30| —arf —a1 | -13 
. Lavksd oase tien = 
Negative polarisation is practically abolished by boiling temperatare ; 
on the other hand the resistance of the preparation is lessened, but not 
in the proportion which might be expected from a comparison of series 
16 (Sect. 12). 
19. 
1, Torp. Fresh, Laymm. 000-0083. a}-'P. 
CT 0".0619. 
Ls. ieee —184t +45 | —ereeten | {8 | =135 
+16 [411 +2 
P.| 543 + 390 | 465 4 407 | 4575 457 + 394 | 3904 407 
This series is interesting from the appearance of effects in both 
directions. 


20. 
1. Torp. Fresh. Laymm. Coors. 24-'P. 
CT 0.0629. 
LS. t +756 | —470¢ +387 | —384} +153 | —322 t +88 | 337} +20 
P.| 548 | 332 | 537 \ 382 | 631 | 390 Tis! 48 1 


The points of interest here are, first the powerful positive initial effect, 
and then the relation between homodromous and heterodromous current 
strengths in the primary circuit. 


a1. 
With Z and 21’”8 closing time the negative polarisation shot the scalo 
out of the field in both directions. It was not worth while to record 
larger numbers than those in series 16. 


22. 
5. Torp. 2. Day. OC 00220. 
Polarisation by a transversely directed polarising current. 





CT 00764. OT 1".024. 
XX—8. = 20 | -10 “2/8 |= —54 |= 
< +| + > |< >| + >| + 
- | 65a | 665 | 669 | 665 | 677 || — | 5465 | 5539 | 5560 








The great strength of the polarising current arises from the shortness 
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©. Heterodromous current, relatively negative, and absolutely positive polarisation, 





























CT 0"-0764- OT 1"024. 
Bere | Os te bare | bats ald tre | Bry oa 
XX—8. | —10| —105 | —30| —45 | —10| —47 pee [398] 5 yy 
Pim il wm | 751 79 1 791 7 ie 
35, 


§ Torp. Freeh. 
‘The galvanometer circuit (8) forms a collateral closure to the preparation, as in 


Wig., 8, A and-B, and p. 455- 
OT 0.0764. 1 1024. 
ERT SUS RTL [LAL a LS 1 
Distance of bobbin from mirror of galvanometer, 
azom, 36cm, 


‘Number of turns 5000. 
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closing the homodromons current is seen to preponderate. The result 
is obscured by two facts, first that the preparation conducta better 
when warmed, and secondly that the negative polarisation weakens 
the current; nevertheless by closing the currents for a minute by 
the hand, series are also obtained in which, in spite of all 
hindrances, the preponderance of the homodromous current declares 
itself plainly though feebly. Series of this nature will be com- 
municated later (see below, § 12). Dr. Sachs’ investigations on the 
organ of the Gymnotus also speak to the same effect’. 

Thus the question, whether the organ conducts irreciprocally in 
reality or only in appearance, lies directly across our path, and we 
must endeavour before all things to clear up this point. 

The first thing that presents itself, is the very striking de- 
pendence of the phenomenon upon the current density, as is shown 
in the following experiments. 

I sent the opening shocks of the inductorium, the primary coil 
of which was filled with wires, through the preparation from one 
skin surface to the other. The preparation rested in the usual 
way on the triangular plate between the clay shields of the con- 
ducting vessels. The galvanometer was in the same circuit. The 
shocks, produced by opening the mercury key, were by means of 
a Pohl’s reverser, led through the preparation alternately in the 
homodromous and the heterodromous direction. 

In the following table, C D denotes the distance of the secondary 
from the primary coil; the numbers are the deflections of the 
galvanometer. The great difference of the strengths of the shocks 
makes it necessary to put the bobbins at different distances from 
the mirror, and the deflections are therefore reduced to 5000 turns 
at a distance of 20mm. 

5. Torp. Fresh. OC'+0.0031. 

tsord ars t sor | aug t 453 1 215 t 477 4 198 
ocm, 435 t 28427 ¢ 28 | 27 t 27 
= 15cm. trbatrd7 
“s 1453 4227 
Taking the mean of the numbers of like signification, the ratio of 
the heterodromous to the homodromous deflections is 

for CD = 2123: 
26.33 : 
. ek 33 
Hence there can be no doubt, first, that the phonomenon becomes 








} Untersuchungen, &c., p. 218; p. 224 of this volume. 
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was pushed quite over the primary coil filled with wires. The 
distance of the bobbin (5000 turns) was 10 cm. from the mirror. 

In Fig. 20 the curves denote the circuit, including the secondary 
and galvanometer coil. The preparation was taken from the fifth 
fish, killed the previous day; the organ current force amounted at 
first to + 0-0072. 

When the clay points were in position (1), I obtained 

t42d 12 t 42} 15805 
in position (2), 

t 38 4 19 t 38 t 2080; 
finally, in position (3), 

t 40422 t 40d zee. 
According to this, there can be no doubt, that irreciprocal con- 
duction, whatever may be its cause, has nothing te do with the 
skin; this was indeed already 
proved when I first observed 
it in the malapterarus prepar- ~ 
ations, where the skin consti- 
tuted only an external closure. 

It might however still be 
supposed that its seat is super- 
ficial, that it depends on a resist- 

5 ance which develops itself 

Fig. 20. only at the contacts of the clay 

points with the lateral surfaces 

of the preparation, after the manner of external secondary resistance. 

At first sight this is very improbable, considering that it increases 

evidently with current density, not with current strength ; that it is 

observed even with such transient shocks as the opening shocks of 

an induction apparatus; that the interposal of the skin makes 

no change in its mode of appearance ; and finally, that if one of the 

clay points, the positive or the negative, were the seat of a special 

resistance, this must be the case for homodromous currents just as 
much as for heterodromous. 

But this conception would be quite impossible, if it were shown 
that the irreciprocity increases with the length of the columnar 
tract traversed by the currents. Now this is in point of fact the 
case. 

A long tract of organ (4) gave 


t 3a bra t 32} 1300; 
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a short (5), . 
(5) t 37 4 29 t 37 4 age 
If we take also the numbers of the tracts of medium length 
(1, 2, 3), then we find, as a mean of all numbers in the same 
category, the ratio of the homodromous to the heterodromous 
currents, in the long tract 


100 : 39-1, 
in the medium-length tracta, 

100 : 45-8, 
in the short tract, 

Too : 7845 


thus the longer the tract traversed, so much the greater is this 
ratio. The following numbers, which afford one of the most striking 
instances of irreciprocity, were obtained with the seventh torpedo 
on the second day, with s short distance (not indicated) of the 
galvanometer coil :— 

Long tract. 
t a7 4 2 ¢ 160 | 30 


Short tract. 
t 176 4 155 t 176 4 155- 
‘Long tract. 
t 165 4 14 t 165 | 22. 
The ratio of the current strengths with the long tract is 
100 : 13:3, 
with the short, 
100 : 88-1. 

One might objeet to this, that with a longer tract, the pre- 
paration forms a greater part of tlie total resistance of the circuit, 
and that this has misled us as regards the relation of greater 
irreciprocity to greater length. The slight difference between the 
homodromous current strength for long and short tracts shows that 
the resistance of the preparation, unquestionable as it may be in com- 
parison with that of the clay points, forms a by no means large 
proportion of the total resistance of the cirenit. However, it is 
desirable to establish safe from all doubt, a point so important as 
that of the increase of irreciprocity with the length of the tract 
traversed by the current. 

The idea that the irreciprocity of conduction is influenced by the 
total resistance of the circuit, implies that it can be expressed by an 
additive term in the denominator of the fraction which represents the 
heterodromous current strength in Ohm’s formula. Let us call this 
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Then we have 

ae ae 

R+= ne= 

q 

Et Et 

h=—>——» 1.=- (a) 

ny, ke Rye 4 He 
q q q q 


The irreciprocal resistance is made here dependent upon the 
dimensions of the tracts traversed by the current, only in so far 
as the homodromous current density, which is taken to be pro- 
portional to the irreciprocity term, depends upon those dimensions. 
Now according to our observations, irrespectively of the opposite 
signs of J and J,, we must have 


LoL 
Ti? Ty 
i.e. we must have 
Re fe, py toy he 
, 
Ry Ry 
q 
or (qh +ko) > (gk+l0)I,. (2) 


This is impossible, since for R = 0, or a mean value of R, the left 
side, factor for factor, is the smaller, and since, if all resistances are 
made to disappear in comparison with FR, at the most, equality of 
both sides will be obtained. Consequently we do not succeed, when 
the irreciprocity term is assumed to be independent of the length 
of the tract traversed. 

On the other hand, if in (a) we substitute 


for (to-+ie)/q and for (ko-+I,c)/q 
(«+ *) Yq and (0 + A/a 


i.e. if we treat the irreciprocal resistance as an increase of the 
specific resistance proportional to the current density when the 
current is a homodromous current, then we get instead of (6) the 
inequality 

(qR+ko)il, > (gh +10)kl,. (ce) 
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and Halske, each of which has a resistance of 10,000 Siemens 
Units, and the coils of which are wound so as to be free from 
induction, as this might perhaps not be without inrportance here. 
By closing and opening a rubbing key which bridged the rheostat, 
its resistance was excluded or admitted at pleasure. I so conducted 
the experiment, that I sent through the preparation alternately a 
current of few Groves without the great additional resistance and 
one of many Groves with this resistance, and repeated it in homo- 
dromons and heterodromous direction alternately; the number of 
the Groves and the additional resistance being so arranged, that the 
current without resistance did not too much exceed that with 
Tesistance. Series such as the following were obtained, in which 
the notation requires no further explanation’. There were 50 turns 
for the galvanometer P, and 5000 turns for the galvanometer 8 at 


zero distance. : 
2. Torp. Freeh. Z.19mm. OC+00128. 1'—Per. 

CT 0.0764. 
x8. [ae 4358 |] +20 
P.4 arg | x43) tts | tage 
Without additional resistance. 


[eral ta 








whe PL 32? is 


‘Without resistance. 
‘New Preparation. Obkaie y'—Per. 
‘inte peo 
Op tor || a La |] SP) aT 8 La | 
_ Without resistance. With resistance. 
X—p +57) —s7t — 
I 1 | ff 1 188 lat. 
Without resistance, 
mm. 
7-Torp. Second day. OC reversed,—0-0031. 1’ Per. 
oe ie pated oan. 
mea eid ema orc 
“What reistane, 


pao eal tn |= 
+ 


7 
105 + 95°5 1045 $945 
Without resistance. 


‘These series fulfil the condition laid down, with sufficient exact- 
} For explanation see Appendix to No. XII. 
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nees. In spite of the large amount of persistent polarisation, which 
is in favour of the homodromous and opposed to the heterodromou 
current, the additional resistance almost effaces the difference of the 
two currents. Accordingly it seems proved that the irreciprocal 
conduction rests upon resistance. Unfortunately, closer con- 
sideration showed that this time also, the mode of viewing the 
matter was not complete, and that it is impossible to decide between 
polarisation and resistance by this manner of experiment. 

‘We will call as before :— 

I the strength of the homodromous, 

I, that of the heterodromous current ; 

P the constant, which multiplied into the current density, 
measures the electromotive force of the homodromous ab- 
solutely and relatively positive polarisation for the unit length 
of the tract traversed ; 

TI the corresponding constant for the relatively negative polar- 
isation caused by both the currents ; 

R the resistance of the circuit containing the battery and the 
galvanometer, exclusive of the resistance of the battery iteelf; 

n the small, 

NV the large number of Groves ; 

G the electromotive force, 

r the resistance of a single cell ; 

W the additional resistance ; 

o the specific resistance of the organ when it is traversed longi- 
tudinally in both directions ; 

Z the length of the tract traversed, ie. in this case of the pre: 
paration itself, provided that the resistance of the skin is t 
be included in RF; finally, 

q ite transverse section. ~ 

Then, with the small number of Groves and without additiona 
resistance, we have 


aG—t2(0—P) 
ge. 


I= (a 


bo 
ar+R+— 
q 


(e 
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The two polarisations are here both taken to be proportional to 
the current density as in the first communication (pp. 455). It is 
self-evident that they are also proportional to the length of the 
preparation. 

The question whether we can decide between the two possibilities 
in this way, is answered in the negative by the very statement of 
the above formulas. More than fifty years ago, when treating 
of the similar question as to the existence of a transition resistance 
besides the polarisation of the electrodes, G. S. Ohm directed atten- 
tion to the fact that in such expressions as (d) and (e) the way in 
which polarisation and resistances severally enter is only apparent, 
that polarieation therefore stands in the eame relation to an ad- 
ditional resistance as the constant resistances do, and that it cannot 
be distinguished from these by the introduction of an additional 
resistance. 

We find in fact 

T= s¢ a A nG 
w+R+ (o+1—P) 





er A, I 
arth +2(04M) 
and if for sake of brevity we put 


ar+R+ ale N)=A, 








Oh RGB) i") 
This expression is finite and positive, so long as gA, >/P; gA,=/P 
woul2 make J infinite, and gA,</P would give the upper hand to 
the heterodromous current. By introducing the additional resist- 
ance and exchanging » for N, (f) becomes 


NGIP . 
(Ant 7) (G (Ax t+ W)—P) 
When ¥ is great, this expression approaches to the value 


Nai 
Tha op 


ul 


mp 
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i.e. to zero, and hence these formulas, in which the irreciprocal 
resistance is left out and regard had only to polarisation, sufficiently 
represent the facts of the case, as now presented to us. 

‘The result comes under the same form, if we put the positive 
polarisation P independent of J instead of proportional to it; this 
corresponds better with the hypothesis, according to which it is 
only the after-effect of a shock, for in this case we have simply 


iP 
I-l= ia 
without additional resistance, and 
Ui 
I-1,=——_, 
1 AytV 


with such resistance and many Groves. The first expression is 
positive, the second approximates to zero as W increases. 

Consequently, according to the observations up to the present 
time, in spite of all appearance, it is not necessary to assume 
irreciprocal resistance in order to explain how the fact stands. It 
is so improbable, that the absolutely and relatively positive polari- 
sation by the homodromous current could effect an increase of 
this current in comparison with the heterodromous in the ratio of 
100: 13°3 (see above, p. 507), that the decision sought for cannot be 
arrived at in this way, and we must seek for it in another experi- 
mental field. 


10. Measurements of the resistance of the electrical organ 
of the torpedo. 


Quite apart from all other questions attaching to the subject, it 
was naturally of great interest to ascertain something about the 
conduction of the organ in comparison with the other tissues. The 
mode of procedure was given by the experiments which I performed 
in 1871 in connexion with the resistance of the muscle of the frog, 
that of physiological rock-salt solution and of clay prepared with it', 
in which I made use ofthe contrivance employed first by Ranke, 
viz. to enclose the tissue, liquids, ete. in glass tubes of equal 
dimensions, in order to give them a prismatic form, equal length 


1 Gosammelte Abhandlangen, vol. ii. p. 373 f. 
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Thence we find, putting 1%, = 1, according to the formula 





Tyo = 2-397, «+. My, = 3:238. 
TI. 49 = 3°199, --- 5342+ 
TIL. to = 3°655, «++ yy = 18:50. 





This very surprising result induced me to determine again the 
resistance of frog muscle in comparison with the physiological rock- 
salt solution, and on the same occasion, that of the artificial eea- 
water of the Berlin aquarium, which had a specific gravity of 1-0250 
at 22-75°C., and was thus apparently somewhat higher than on 
the occasion of Prof. Christiani’s determination of the conducting 
power of sea-water?. This time 


§, = 60-9 80. ity = 48:0 86. ig = 40-0, iy = 565 802, 


whence resulted 
Wy = 1-9383, Wy = 0-3202. 


I had previously (1871) found »,, = 1-9045; the difference 
amounts to 7; a closer agreement is scarcely to be expected in 
determinations of the kind. 

I undertook a second similar series of experiments on the 
third Torpedo, on the second day of experimenting. I omit the 
observed deflections, and give at once the values calculated from 
them, that is to the specific resistances of three other preparations, 
through which currents were led homodromously and heterodro- 
mously. These exhibited powerful organ currents. Their specific 
resistances are stated below in terms of that of physiological salt 
solution :— 

IV. tho = 3°5983; «++ Mre = 135517: 
Vi. Wyo = 33741, «++ Wy, 6.2752. 
VIL. wo = 3:7781, ... 1, = 6-2752. 





On the same occasion, I determined the resistance of the tap- 
water wi. at 37°955- It was interesting to consider how these 
determinations of sea- and tap-water would agree with those 
obtained by Prof. Christiani by another method, and which are 


2 Untersuchungen, &c., p. 413. 











522 LIVING TORPEDOS IN BERLIN. 


ateclutely and relatively. positive. homodromous polarisation an 
electromotive force which may amount to that of twenty Groves 
(pp. 453-454). If such a force were the cause of the superiority of 
the homedromous current, how could it be explained that even in 
homedromous direction, the preparation conducts worse than phrsio- 
logical salt-selution. or even than frog's muscle? It cannot 
be maintained that the smal'ness of the current strength as com- 
pared with the tremendous homodromoss force is dependent on bad 
conduction, fer even the hetercdromous conductivity is mot bad 
enough for that. Besides this. if the superiority of the homo- 
dromous current depended upon polarisation, it wold be impossible 
to conceive how on the death of the organ. or on boiling it. the 
conductivity for both currents becomes the same and then absolately 
increases. so that it even exceeds that of physiclogical salt-solution. 
The enfeeblement of the current cannot therefore be a consequence 
of the falling off of an electromotive force in the same direction 
with it. 

It seems, as has already been said, impossible to escape the weight 
of these reasons. and the existence of irreciprocal conduction in the 
electrical organ is to be regarded as an established fact from hence- 
forward. However, a considerable change in our conception of this 
remarkable prorerty of the organ is to be Ieoked forward to. 

I now recollected that I had carried out these experimente, other- 
wise to all appearance conclusive. with induction shocks only. It 
occurred to me that in the series of observations mentioned above, 
p- 5¢3. in which the current of a Grove's battery was closed for a 
longer yeriod through the preparations, the superiority of the 
bomodromous current continued indeed perceptible. but by no means 
s0 considerable as in the experiments with induction shocks. or with 
battery currents of short duration. I now began to suspect that the 
irreciprocity of conduction must depend. not only on the density 
but also on the duraticn of the current, and this was found to be 
the case. 

Instead of the secondary coil as in the previous experimente, a 
Grove's battery was placed directly in the cirenit of the gal- 
vanometer. on the mirror of which. only 45 tus acted from a 
suitable distance. The battery current was closed through the 
mercury key by hand for any desired period as timed by the clock. If 
for a short time only the contrivance mentioned above was employed 
(p. 481. note). When required, it was exchanged for the secondary 
coil of the inductorium, which was pushed quite up to the primary 
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coil filled with rods. The preparations lay upon the triangular 
glass-plate, with ventral and dorsal skin between the clay shields of 
the leading-in vessels. In the following series of experiments, 
‘long closing’ signifies that the battery was kept closed as long as 
was possible, without too much interference by heating, polarisation, 
ete, All the deflections are reduced to the magnitude which they 
would have had with the 45 turns at zero distance. 


‘Frest Srnixs, 
6. Torp. Fresh, 
Grove's Battery. 
Long closing. 
I—t 223 | 223 ¢ 223. 
There is no appearance of any irreciprocity of conduction. 
Long closing. 
Vi—4} 1128 ¢ 1159 $ 1140 f 1197 
Certainly some irreciprocity, even though feeble. 
Long closing. 
XX—t 4439 4 4658 t 5098 1 4927. 
=219 —440 +171. 
A disturbance due to heating of the preparation and of the clay 
shields is observable, so that irreciprocity makes its appearance 
evident only in the series of differences. 


Induotion Shocks. 
t 15 4 33 3 t 15s 1S 
This shows, that when the preparation is treated with shocks 
of short duration only, the irreciprocity of conduction is manifested 


in fall extent. 
Grove's Battery. 


Long closing. 
XX—t 4756 | 4781 t 4903 4 4890. 
35 122, +13. 


Again, irreciprocity shows itself in the series of differences 


only. 
% ©. T. o"0310, 


XX—1 86 t 95 1 84 t 95. 
With short closing, it appears distinctly at once, although less 
decidedly than with opening shocks. 
Long closing. 
XX—1 3997 t 4318 | 4207 t 4634. 
In spite of collateral effects, it manifests itself this time with long 
closing, the series of differences not being stated. 
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The preparation was not displaced throughout the whole series of 


experiments. : 
Szconp Sznres. 
6. Torp. Seoond Day. 
Grove's Battery. 
©. T.d"0310'. Long closing. C. T. o"0310. 


Lt 255 4 1-45 t 2-61 11-34 || t 30429 t 304305 || f 2-66. 1-48 t 2-58 t 1-85. 


Thus even with only one Grove, under favourable circumstances, 
irreciprocity of conduction shows itself for short closing, whilst for 
long closing it is only very feebly pronounced, so that in the 
corresponding experiment of the first series, it was not perceived at 
all. 


©. T.0%.0310. Long cloning. 
Vi—t 20 4 17 t 195 4 45 Il t 878 | 866 t goa | 866. 
€. 7. 0.0310. Long closing. 
xX—t 115 4 95 t 120 4 95 || t 5073 4 5415 t 7073 
— 342 —1658. 


The heating of the preparation prevented further observation ; 
the irreciprocal conduction nevertheless makes itself noticeable in 
the series of differences. 

The last experiment of the appendix of the first communication 
(25) is allied to these experiments, as being of similar inter- 
pretation. There, the current strength in the circuit of a battery 
of twenty cells closed through a preparation, and at the same time 
in a side cireuit, by which the preparation was bridged, was 
observed. For short closing, the irreciprocity was very great ; 
if the closing lasted one second, it was already disproportionately 
feebler. 


18. Of the law and the nature of irreciprocal conduction 
in the electrical organ. 
In accordance with the preceding, there can be no doubt, that 


irreciprocity of conduction is disproportionately greater for short 
closing of a battery and for opening shocks of an inductorium, than 


+ Here, instead of 45 turns at zero distance, 5000 turns were used at » distance of 
3omm. The deflections are diminished in the ratio 45/§000, and are teduced to 
the distance zero of the ooil (comp. 454). 
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for longer closing, and that the numerical determinations of § 10, 
in as far as they refer to heterodromous conduction in the organ, 
are only correct for opening induetion shocks. The two-fold 
dependence of irreciprocal conduction upon density and duration of 
current may now be represented graphically in the following 
way. 

In Fig 22 the A-axis of the current densities runs from the zero 
point forwards and to the left, and the Y-axis of the times of 
closing, forwards and to the right. The abscisase independent of 


WR. 





Fig. 22. 


each other on both axes are measured arbitrarily. The homo- 
dromous resistances W and the heterodromous resistances FR are 
+ expressed as ordinates on the 7-A-plane. The homodromous re- 
sistance is independent of current density and duration, and thus 
the ordinates representing it, have throughout the same arbitrarily 
chosen height Ow,, and their tops all lie in the plane 1, 5, 3,4 
parallel to the 7-A-plane. The heterodromons resistance is not 
perceptibly different from the homodromous resistance, below the 
current density A,; the irreciprocity is here apparently zero. 
Whether it is so in reality, is not yet decided, for I have unfor- 
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tunately postponed the repetition of the experiments with feeble 
opening shocks with a galvanometer of greater sensitiveness, and 
it is possible that a difference, too small to be detected by the 
galvanometer of the sensitiveness employed above (p. 517), might 
thus be proved to exist. However that may be, it may be assumed 
for the present, that to the right of and above the line A, (the 
threshold line) with the means of observation actually used, the 
tops of the ordinates, representing the heterodromous resistances, 
seem to lie in the plane r,, ,, 5,4 parallel to the 7-A-plane. But 
to the left of this line, the heterodromous resistance becomes so 
much the greater, as the density is greater and the time of closing 
is less. Thus with increasing density and decreasing closing 
time, the tops of the ordinates r rise above the plane 1, 9, 354, 
so that they lie in the surface of complex curvature 7,, 9,5,4. Itis 
to be assumed that the heterodromous resistance, with increasing 
current density, approaches a limit (see above, p. 505); this is 
expressed by the course of the curve of heterodromous resistance 
for minimal duration of closure, which as it nears r, becomes 
concave towards the axis. With increasing duration of closing, it 
approaches an inferior limit, as is expressed by the curve r5, 5, 
which unites itself asymptotically with w,,,; that is with a line 
parallel to the time axis; there will however be somewhat to 
remark upon this later on. 

This gives upon the whole the main features of the law of the 
phenomenon, The mode of formulating irreciprocity (pp. 504, 505) 
seems now to be sufficiently justified. It is at present impossible 
to form a satisfactory conception as to the cause of the phenomenon. 
At first the idea may occur, that it is somewhat similar to the 
internal secondary resistance, which I have described in the case of 
& porous moist conductor, in which the internal resistance increases 
with the current density!. The analogy between the two phe- 
nomena is however scarcely a true one. The internal secondary 
resistance has this indeed in common with heterodromous re- 
sistance, that boiling temperature destroys it. But disregarding 
the fact that hitherto it has been observed in living tissue of 
plants only, it is independent of the direction of the current, it 
demands longer time of closing for its development, and, when once 
developed, longer time for its disappearance, whilst, on the contrary, 
heterodromous resistance is present to its greatest extent at the 


+ Gosammelte Abhandlungen, vol. i. pp. gof,, 116f. 
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As the strength of the primary current seemed to be very nearly 
doubled with half the length of nerve (1628 instead of 165-2), the 
current density was not (as one might have supposed) on account 
of the large transverse section of the nerve, less than in the experi- 
ments on sensory roots of the frog. A more decided negative to 
the question proposed could not be given by the experiment. Still 
I was not deterred thereby from renewed endeavours, which had 
however no other result. This time 20,000 turns were used with 
the galvanometer S at zero distance. 


4 Torp, = Fresh, = '—P. 
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After completing this series of experiments, it was discovered that 
in one place of the battery current, the conduction was imperfect ; 
it was the same fault which had caused the derangement recorded. 
above (p. 536). Still it does not seem that this would tend to 
diminish the significance of the negative. result obtained, nor when 
we consider the variety of combinations of current densities and 
times of closing which were tried, is it to be expected that any later 
result will make any change in the conclusion now arrived at. We 
should however do wrong to rest perfectly satisfied, until the ex- 
amination has been extended to other nerves of which the consti- 
tuent fibres are physiologically homogeneous. 
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or reversal of the ‘demarcation current’ at the moment that the 
excitation ceases. The main facts ascertained by Hering were 
that effects appeared even when the tetanisation lasted only a frag- 
ment of a second, and that when the excitation was prolonged in 
successive experiments, the positive after effect increased up to 
a duration of 30”, but subsequently diminished. 

To these facts Mr. Head has added the following. He has first 
shown that the positive after effect cannot be regarded as a second 
phase of the excitatory effect produced by each single excitation, 
for his rheotome observations show that the negative phase is fol- 
lowed by a period of complete restoration of the previously existing 
electrical state, which lasts for several hundredths of a second. 
Secondly, he has shown that in short tetanisation lasting not more 
than a few seconds, the excitatory effect, i.e. diminution of the 
demarcation current, is nearly constant—a result which could not 
happen unless the positive effect were deferred. Thirdly, that in 
comparing nerves prepared with the utmost possible care and pro- 
tected from evaporation, with nerves in a less favourable state, it is 
found that although the latter may show no inferiority or sign of 
impaired functional activity as regards the negative variation, they 
are inferior as regards the positive after effect, so that, in repeated 
observations, the former remains unimpaired while the latter rapidly 
diminishes. 

These facts he interprets to mean that the positive after effect is 
in the nature of a reaction of the nerve, consequent on excitation, 
i.e. a change in the opposite direction to the excitatory change, by 
which it not merely returns to the normal, but passes into a condi- 
tion on the other side of the normal, so that the longitudinal 
surface to which the electrode is applied becomes more positive 
than it was before excitation. This view he considers to be con- 
firmed by the observation that the effect in question is only observed 
when the leading off contact on the longitudinal surface is at a 
considerable distance from the injured end of the nerve. 
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